Abstract
a career of observation of geological phenomena, thereby incorporating tacit knowledge into 23 the model. This knowledge capture is a key element to the GSI3D approach. In BGS GSI3Dis part of a much wider set of systems and work processes that together make up the 25 cyberinfrastructure of a modern geological survey. The GSI3D software is not yet designed 26 to cope with bedrock structures in which individual stratigraphic surfaces are repeated or 27 inverted, but the software is currently being extended by BGS to encompass these more 28 complex geological scenarios. A further challenge for BGS is to enable its 3D geological 29 models to become part of the semantic web using GML application schema like GeoSciML. 30
The biggest benefits of widely available systematic geological models will be an enhanced 31 public understanding of the subsurface in 3D, and the teaching of geoscience students. 32
Introduction

39
Background 40 41
Three-dimensional geological modeling has developed dramatically over the past 30 years 42 convoluted multi-software solution which became hard to use and implement as a singleworking tool. As well, there are many geostatistical and database techniques available to 49 carry out interpolations between geological measurements especially on a regional scale. 50
These methods are often unsuitable for unevenly distributed data and may not properly cope 51 with the qualitative and interpretative element of geology. In summary, none of these tools 52 and associated methodologies are aimed at the working practices of survey geologists nor the 53 types, quantity and quality of legacy data typically found in national or state geological 54 survey institutions. 55
56
Many geological survey organisations worldwide have started to implement varying software 57 systems and methodologies to facilitate a migration, from a 2D paper-based survey to a 3D 58 digital service provider of geoscientific information (Jackson, 2005) These include software 59 packages, the most prominent of which appear to be Gocad [1] and Geomodeller [2] that are 60 interpretations using varied field data capture techniques and legacy datasets at a series ofgeological knowledge trapped within the scientists' brain, to produce 3D geological models. 126 127 2. The GSI3D software and methodology solution 128 
129
The following section describes the varied baseline datasets used in modeling and the overall 130 system architecture of the software at BGS. The success of the GSI3D methodology and 131 software is based on the fact that it utilizes exactly the same data and methods, albeit in 132 digital forms, that geologists have been using for two centuries in order to make geological 133 maps and cross-sections. It is apparent from the above rules that at present the GSI3D software is not designed to cope 218 with reverse faults, recumbent folds and other structures in which individual stratigraphic 219 surfaces are repeated or inverted in a vertical sequence. However, as already mentioned the 220 software is currently being extended to encompass these more structural complex geological 221 scenarios. In the same way the finished model can be quickly revised in the light of new data or 286 realization. So it is not essential to save the finished model, but simply the four components 287 from which it is calculated: namely cross-sections and envelopes in xml format, DTM and 288 GVS. Automatic generalization to produce lower resolution models is possible by using 289
Boolean operations on correlation lines and envelopes after defining combined sets of units 290 in the GVS file. 291
292
In summary, the benefits of GSI3D are that it simply replaces existing analogue working 293 practices of geologists with buttons in software, so it is easy to train people to use the 294 software leading to widespread acceptance and implementation as demonstrated by users at 295 BGS. Furthermore GSI3D is programmed to work quickly and in a truly dynamic way, 296 allowing it to be part of a systematic, iterative and interpretative survey process. 297 298
Applications
300
This section describes two working examples that have been enabled by the implementation 301 of GSI3D into the work process at BGS. The first is part of the BGS vision to build 302 systematic models for the whole of the UK, the second describes the delivery of detailed 303 spatial model to external customers to solve a particular problem. 304
LithoFrame Models and Resolutions 305 306
BGS is now embarking, on a program to systematically build 3D models, at the four 307 principal resolutions 1:1 Million, 1:250 000, 1:50 000 and 1:10 000 mentioned above. These 308 models will be constructed across the entire country to standards developed from the last 5known collectively as LithoFrame are described more fully on the BGS website [3] . These 311 LithoFrame models will be structured and attributed to meet the needs of a wide range of 312 applied users, and ultimately, will take the place of the traditional geological map. However, 313 this will only happen if the models are produced on a national scale, at realistic costs, and are has increased the need to understand not only the geometry of the main aquifers but also the 360 structure and composition of the overlying Quaternary deposits and soils. 361
362
The
to the sustainable level of abstraction in the aquifer. This is complicated by the abandonment 370 of coal mines to the north of the area that may potentially affect flow patterns and 371 groundwater quality within the aquifer. In order to fulfill its statutory duties to manage and 372 protect water resources, the Agency is undertaking a regional groundwater study to quantify 373 the sustainable resources of the aquifer. This has involved development of a conceptual 374 model of the aquifer that will provide the framework for future resource management. The 375 study is being undertaken principally by Environmental Simulations International (ESI). 376
377
One of the key areas of research relates to the rate of recharge, which is at present poorly 378 constrained but is an important parameter as it effectively defines the available water 379 resource. It also, to some extent, defines the vulnerability of the aquifer to pollution. Most 380 recharge reaches the sandstone aquifer via the thick superficial deposits that cover much of 381 the region. Understanding the complexities and hydrogeological performance of these 382 superficial deposits is therefore paramount if estimates of recharge are to be realistic. 383 of the superficial and artificial deposits of a 15 x 5 km block in the Manchester area (Figure  386 The overall objective of the study was to use a 3D model of the superficial deposits to 391 examine potential groundwater-surface water interactions Using GSI3D the project utilised 392 the existing 1:10,000 geological map data and 7000 boreholes (mainly site investigations), to 393 characterise the relationships within the Quaternary sediments and identify potential 394 hydrogeological pathways between the surface water bodies and the deeper sandstone 395 aquifer. The best way to appreciate the likely flow paths was to produce targeted sections 396 through the 3D model. Additionally to these a series of thematic maps were generated using 397 standard GIS technology. These maps show domains of potential groundwater vulnerability 398 New data gathered as part of a systematic or responsive survey are captured with digital field 426 notebooks and can then be downloaded via remote access from the field to the corporate 427 databases. Data is served to the modelers using a web-based data portal based on ArcIMS 428 technology. This system provides the user with a map based interface to select all raw data 429 by type and distribution. All data is converted to GSI3D compatible formats using Java 430 scripts and is consequently delivered to the modeler's desktop in a compressed archive file. 431
The data is then visualized and co-validated in GSI3D, working with temporary model files 432 ore-bodies and their overburden to be contoured, and so derive thickness ratios to define cut-476 off points for exploration or extraction. Furthermore interrogation of the model at any given 477 point will provide the user/customer with an automated borehole prognosis for the site. A 478 geological section can be generated along any specified slice through the model (horizontal 479 as well as vertical), for use in linear route planning or tunneling (Ozmutlu and Hack, 2003; 480 Culshaw, 2005) . These systematic models represent the building blocks of the 3D 481 architecture of Britain's geology. We are now ready, due to methodological and 482 technological advances, to translate and extend William Smith's map fully into the third 483 dimension to produce solid models of Britain's geology. 484
Based on the acceptance of the software and the increasing demand for 3D models across a 486 wide range of geological settings in the UK, BGS has now embarked on a 3-year R&D 487 project to extend the capability of GSI3D. This will include functionality to model more 488 complex bedrock environments including structures such as normal, reverse and scissor 489 faults, fold axes, overturned strata, and cross-cutting intrusive bodies. The intention however 490 is to maintain the simple intuitive approach of the software and methodology to enable 491 deployment to all BGS's scientists. The LithoFrame Viewer is being upgraded in parallel in 492 order to deliver these more complex models to clients. 493 beneficiaries of this step change of delivery of geological information will be the general 498 public and in particular geoscience students and teachers. We envisage 3D geological models 499 will become much more educationally informative than their forerunners -geological maps, 500 and in addition will enable those with less honed 3D thinking than experienced survey 501 geologists to fully appreciate often complex spatial relationships. This is because the real 3D 502 relationships can now be demonstrated, explained and studied in a virtual environment. 503
Eventually the benefit will be a greatly enhanced general appreciation of the subsurface 504 arrangement of rocks and soils and their role in the supply of needed resources, the 505 construction of infrastructure and the storage of the waste. 
Type of Survey or Investigation
Overview Systematic Detailed -Site specific Section Spacing several km 0.5-1.5 km < 500 m
Section Length
Tens of kms 5-10 kms <5 km
Density of Coded Boreholes
Less than 1 per square kilometre 
Minimum Unit thickness
